Abstract: Conjugated linoleic acid (CLA) isomers have attracted significant attention due to their important physiological properties, which have been observed in humans. Many lactic acid bacteria (LAB) demonstrate the ability to produce CLA isomers (C18:2 cis-9, trans-11 and C18:2 trans-10, cis-12) from the linoleic acid (LA) present in milk or in synthetic media. CLA isomers can be synthesized in vitro by LAB using vegetable oils rich in LA. The aim of this review is to present an update on the studies that have been conducted on the production of CLA isomers from LA mainly by LAB and of the factors that influence this conversion (source and concentration of LA and fermentation conditions). In addition, this review presents the relationship between the consumption of CLA isomers and their health benefits in humans such as anti-atherosclerosis and anti-carcinogenic effects. There is considerable variation between the studies concerning the beneficial effects of CLA in animal models, which have not been reflected in human studies. This can be attributed to the differences in the doses of CLA isomers used and to the different sources of CLA. Furthermore, the regulatory and scientific information classifying the physiological properties of CLA, which serve as support for the claims of its potential as a functional ingredient, are presented. More research is needed to determine whether CLA production by LAB can be enhanced and to determine the optimal requirements for these microbial cultures. Furthermore, safety and efficacy of CLA consumption have to be investigated in the future.
Introduction
The pharmaceutical industry offers a wide range of drugs to cure many illnesses, and the trend is shifting towards the use of some diets or food bioactive compounds that could potentially prevent some chronic diseases, if they are taken together with a healthy lifestyle, as an alternative or compliment to medicine.
The consumption of certain fruits, vegetables, herbs and dairy products, especially the fermented ones, has been recommended as part of a healthy diet to provide essential nutrients and ease or cure many chronic diseases [1] . In the 1980s, the term "functional foods" (FOSHU-foods for specified health use) was introduced in Japan to characterize a new understanding of foods that included their medicinal properties as a way to decrease the costs to the states with regard to the population's healthcare. Functional foods are those that, besides contributing to nutrient intake, contain substances 500 mg for people in most of the countries surveyed [19] . Dietary supplements of CLA isomers are mainly marketed in North America and European countries as gel capsules that provide cis-9, trans-11 and trans-10, cis-12 isomers in different proportions.
An alternative to dietary supplements, which are usually less preferred than the supply of nutrients in foods, is the direct increase of the CLA content of food. This is a practical approach because there are no changes in the diet or its components and no increase in the daily intake of cholesterol and saturated fat. The management of the CLA content of food, such as dairy products, provides an important way to increase their nutritional and functional value and may have a considerable marketing effect by adding value to traditional products. An increase in the concentration of CLA isomers in ruminant milk is an interesting option because of their important presence in this food matrix. The natural synthesis of these molecules is from the metabolism of ruminal microorganisms and they are present in ruminant tissues [20] . In addition to ruminal bacteria, many food-grade microorganisms are able to produce CLA isomers from the LA in milk [21] [22] [23] [24] [25] [26] . Because the natural concentrations of CLA isomers in milk products are relatively low, to exert their health benefits, GRAS bacteria with linoleate isomerase (a strain-dependent enzyme responsible for CLA conversion) activity could be used as a microbial culture to develop functional, fermented dairy products with increased levels of CLA [27] .
In this review, we summarize the most important contributions to the synthesis of CLA isomers by LAB and the factors that influence this production. In addition, we summarize the studies that have been conducted on the health benefits of CLA and present the regulatory and scientific information relating to the classification of the physiological properties of CLA, which provide support for its use in functional foods.
Methods
In this systematic review, we did not use statistical techniques (meta-analysis) to combine results of the eligible studies. We conducted an extensive bibliographical search using free search engines (PubMed and Web of Science) that access references and abstract databases on food science. The following key terms were used in our searches: conjugated linoleic acid, biohydrogenation of linoleic acid, conjugated linoleic acid conversion by lactic acid bacteria, and conjugated linoleic acid health benefits. The titles and abstracts of the articles found in the search were checked against the overall criteria for eligibility and relevance, which were as follows: the year of publication, the relevance of the research question, and the citation index.
Literature Review

CLA Isomers
Trans fatty acid (FA) isomers are rarely produced in nature. Thus, the major source of these trans FAs in the human diet is the industrial partial hydrogenation of vegetable oils. However, small quantities of these compounds are also formed in the rumen of polygastric animals via the bacterial biohydrogenation of unsaturated FA, which means they are mostly found in the milk and meat of ruminants [28] [29] [30] .
The most abundant FAs, with a system of conjugated double bonds, are the isomers of LA known as CLA. The abbreviation CLA is used to describe the family of isomers of octadecadienoic acid (18:2) which have a pair of conjugated double bonds along the alkyl chain. Theoretically, the double bonds can exist at any location between carbons C 2 to C 18 to produce numerous structural isomers [31] . There are 28 possible isomers of CLA that differ in the position (7 and 9, 8 and 10, 9 and 11, 10 and 12, 11 and 13; based on the method used for counting the carboxyl group) and the configuration (cis or trans) of the double bonds [32] .
Synthesis of CLA Isomers by Biohydrogenation
In recent decades, studies have demonstrated the biological significance of the CLA isomers. Meat and milk from ruminants and their products are the natural dietary sources of CLA. In the raw materials, the predominant isomer is C18:2 cis-9, trans-11, which accounts for over 75% of the total CLA. The C18:2 cis-9, trans-11 isomer is produced from LA as an intermediate in biohydrogenation by ruminal bacteria [31, 33, 34] .
The lipids inside the rumen undergo transformation by microbial lipases in a process called lipolysis, which is considered to be the prerequisite for biohydrogenation. Microbial lipases hydrolyze ester linkages in the lipid complex, thereby forming free FAs. With the oxidation of the triacylglycerols to glycerol and free FAs, the synthesis of CLA begins, specifically, with the isomerization of unsaturated FAs and further biohydrogenation by ruminal bacteria [35] . The degree of lipolysis and biohydrogenation depend on the type and amount of fat received by the rumen and the ruminal pH [36] . The biohydrogenation is actually considered to be detoxification mechanism [21] . To minimize the toxic effects of LA on ruminal fermentation, ruminal bacteria uses linoleate isomerase to convert it to CLA. This mechanism may be the key to finding methods to manipulate the biohydrogenation in a predictable manner [36, 37] .
Conversion of CLA Isomers by LAB
The discovery of the production of CLA isomers by ruminal bacteria led to the speculation that other microorganisms may also be able to synthesize these metabolites [38] . Several studies have reported the production of CLA isomers during lactic fermentation by LAB [21, 22, 39] . According to these studies, some strains of bacteria were found to be able to change the FA profile of milk in addition to producing functional FA during fermentation as a result of bacterial growth and metabolism. There are important factors that can increase the production of CLA isomers by LAB. Among them, the authors describe variables such as the fermentation time and temperature, the protein concentration and the oil substrate (LA supply) [40] . Some authors have invested in strategies to improve the conversion process (Table 1) . Table 1 . Summary of the strategies to increase conjugated linoleic acid (CLA) conversion by bacteria. Total CLA a ; C18:2 cis-9 b , trans-11 isomer; Represented form was not specified c . [25] According to [22] an LA source must be added to the medium to enhance CLA isomer formation by LAB strains. However, [42] presented 20 LAB strains that are able to produce CLA in milk (0.43-1.12 g of FA) without any substrate addition. Thus, some authors have investigated the factors affecting the CLA content during milk fermentation instead of investing in strategies to improve the conversion process.
Microorganism
In the work of Jiang, et al. [21] , the abilities of 19 different strains commonly used as dairy starter cultures to produce CLA (C18:2 cis-9, trans-11 isomer represented more than 70% of the total CLA formed) from free LA were determined. They observed that most strains were inhibited at an LA concentration of 25 µg/mL. Among the CLA-producing strains, a positive correlation between CLA formation and the ability to tolerate free LA was observed, which suggests that the conversion of free LA to CLA might function as a detoxification mechanism. Furthermore, the authors concluded that each strain requires different treatment when exposed to certain conditions, such as LA concentration, temperature and fermentation time.
Fourteen LAB strains were screened for their ability to produce CLA using sunflower oil as a substrate. Lc. lactis showed the highest production of CLA from sunflower oil (4 mg/g fat or more) and was selected for further studies to identify the factors and processes responsible for increasing CLA in fermented milk [23] . The highest CLA formation (8.5 mg/g fat) was detected with sunflower oil (0.2 g/L) in combination with dry milk powder (6%) and glucose (0.3%) and 12 h incubation. The results also demonstrated that CLA formation in fermented milk can be affected by several factors, including the microbial strain, number of cells, incubation time at neutral pH and substrate concentration.
LAB strains (Lactobacillus and Streptococcus) and Bifidobacteria were inoculated in MRS (Man Rogosa Sharpe) broth with added LA (200 µg/mL) to evaluate their CLA-producing capacity [24] . After initial screening, four strains that demonstrated the greatest ability to produce CLA from LA were selected to test the production of CLA in buffalo milk at different LA concentrations (200-1000 µg/mL). CLA production was shown to be strain dependent at different LA levels. Lb. casei showed the highest CLA production level (175.2 µg/mL) at 400 µg/mL LA, while Lb. rhamnosus and Bifidobacterium bifidum produced the most CLA (190.2 and 90 µg/mL, respectively) at 200 µg/mL LA and, finally, St. thermophilus showed the highest CLA production (198.6 µg/mL) at 800 µg/mL LA.
Different LAB strains (Lb. acidophilus, Lb. lactis, Lc. cremoris, Lc. lactis, Lb. bulgaricus and St. thermophilus) were inoculated in a growth medium containing 12% milk powder and LA concentrations of 1000 or 5000 µg/mL and were incubated for 0, 24 or 48 h. CLA (C18:2 cis-9, trans-11 isomer) production was significantly changed in Lb. bulgaricus (from 86 to 66 µg/mL) and St. thermophilus (from 82.5 to 57 µg/mL) cultures by prolonging the incubation time from 24 h to 48 h and with 5000 µg/mL LA [22] . However, another study on Lb. bulgaricus was not able to produce CLA in MRS broth supplemented with 100 or 200 µg/mL of LA at 37˝C and incubation times of 12 or 24 h [23, 24] .
Recent studies have evaluated the independent variables for milk fermentation to determine the best conditions to increase the CLA content of dairy products [25, 26] . Khosravi-Darani, et al. [25] used a Plackett-Burman design to study the effects of seven variables (whey powder‚ grape seed oil, temperature, pH, incubation time and inoculum age and size) on CLA production by different probiotic strains (Lb. acidophilus, B. bifidum and P. freudenreichii). The highest amount of CLA (11.03 mg/g fat) was obtained with the following combination of factors: 4% (w/v) whey powder, 4% (v/v) grape seed oil, pH 6.0, inoculum size of 0.8% (v/v), inoculum age of 36 h, a 35˝C fermentation temperature, and an incubation time of 27 h. The ability of different Lactobacillus strains to produce CLA from LA was studied by A., et al. [26] . The experiments revealed that Lb. plantarum had the highest CLA producing (95.25 µg/mL) potential of the strains screened. A response surface methodology was applied to investigate the effects of three independent variables (LA, yeast extract concentration and inoculum size) on CLA formation. The optimum conditions to improve the CLA production (240.69 µg/mL) were obtained by using 3 mg/mL of LA, 4 g/L of yeast extract and an inoculum size of 4% (v/v).
Xu, et al. [41] assayed several lactic bacteria inoculums to obtain CLA, in a model system containing milk hydrolyzed soybean oil. Propionibacterium freudenreichii ssp. shermanii was the higher CLA (C18:2 cis-9, trans-11) producer (1.45 mg/g of fat) after fermentation time. Later, [43] evaluated the formation of CLA in fermented milk products from hydrolyzed soy oil. The authors tested probiotic strains individually or in co-culture with traditional yogurt cultures (1:1 ratio of Lb. bulgaricus and St. thermophilus). In the presence of yogurt cultures, a slightly higher content of CLA was found after 14 days of storage. Lb. rhamnosus in co-culture produced the highest levels of C18:2 cis-9, trans-11 (0.97 mg/g lipid) and C18:2 trans-10, cis-12 (0.71 mg/g lipid) among the probiotic bacteria assayed. In a similar study, cow and sheep milk yogurts were investigated for changes in CLA (C18:2 cis-9, trans-11 isomer) concentration during 14 days of storage. Refrigerated storage resulted in a significant decrease in the CLA in cow milk yogurts and in a significant increase in the CLA in sheep milk yogurts, suggesting that CLA content was influenced by the origin of milk [44] .
CLA Isomers Health Benefits
Studies have been conducted to identify CLA consumption in many countries. Estimates range from 0.2 to 1.5 g/person/day and appear to depend on sex and food sources (from animal or vegetable origins) [31, [45] [46] [47] . For example, the Brazilian population was found to have one of the lowest levels of dietary CLA intake reported (approximately 36 mg/day) [48] .
Several experiments have been initiated to determine the physical, biochemical and physiological properties of CLA isomers. Research indicates that these isomeric conjugated FAs have potent biological activities that have been suggested to benefit human health [49] (Table 2) . C18:2 cis-9, trans-11
Positive influence on biochemical markers associated with Alzheimer's disease [62, 63] Anti-osteoporotic effects [16] Anti-atherosclerotic effects [15] C18:2 trans-10, cis-12 Inhibitory effects on the development of ovarian cancer [13] Inhibitory effects on prostate cancer [53] According to Ip, et al. [50] , supplementation of rat diets with 0.5% C18:2 cis-9, trans-11 isomer was sufficient to produce a significant reduction in the development a mammary tumors. C18:2 cis-9, trans-11 may be more effective than any other FA in tumor modulation. However, Ip, et al. [52] observed a maximum antioxidant activity of CLA at a 0.25% daily dose in rat diets, suggesting a discrepancy between the doses needed for effective antioxidant and anti-carcinogenic activities.
Another study carried out by [51] suggested a daily intake of 3 g/day of CLA (a mixture of total isomers with the following composition: C18:2 cis-9, trans-11 and trans-9, cis-11, 43.3%; C18:2 trans-10, cis-12, 45.3%; C18:2 cis-9, cis-11, 1.9%; C18:2 cis-10, cis-12, 1.4%; C18:2 trans-9, trans-11 and trans-10, trans-12, 2.6%) to achieve the inhibitory effects on carcinogenesis in mammary gland rats. Animals weighing 350 g were fed a diet with 0.1% CLA (approximately 0.015 g of CLA/day), which is equivalent to a daily dose of 3 g of CLA for a 70 kg person. This is slightly higher than the estimated average consumption.
The molecular mechanisms of the bioactivity of CLA have been attributed to its ability to modulate eicosanoid formation and gene expression. Very few clinical studies in humans have been conducted. Nevertheless, in vitro and in vivo studies have shown antioxidant and anticancer effects for the C18:2 cis-9, trans-11 isomer [28] . The inhibitory effects of CLA on different types of cancer, such as breast, skin, stomach, intestine and prostate cancer, have been consistently demonstrated in most studies, which have involved different animal models and human cell cultures [52, 53] .
Several studies reviewed by Belury, et al. [59] and Pariza, et al. [60] have demonstrated the ability of CLA (C18:2 cis-9, trans-11 and C18:2 trans-10, cis-12 isomers) to modulate the inflammatory response and restore insulin sensitivity in animals with type-II diabetes. Recently, it has been shown that the modulation of inflammatory responses by CLA (C18:2 cis-9, trans-11 isomer) seems to have a positive influence on biochemical markers associated with Alzheimer's disease (AD). Barbosa, et al. [62] reported a reduction in the activity of different phospholipases (A 2 (PLA 2 ) subtypes) in the rat brain. PLA 2 is a family of hydrolytic enzymes that are important mediators in the transmission and processing of neuronal signals and in the regulation of other active products. Forty-eight animals were fed three different diets over a thirty-day period. The findings of the study suggest that a diet enriched with a 60% CLA supplement (30% of C18:2 trans-10, cis-12 and 30% of C18:2 cis-9, trans-11) may be a potential nutraceutic for the prevention and/or inhibition of the progression of Alzheimer's disease. Gama, et al. [63] analyzed 30 rats fed with three different diets over four weeks. Treatments consisted of a CLA-free diet and two diets containing butter enriched with the C18:2 cis-9, trans-11 isomer (0.72 and 1.98 g/100 g of total fat). Compared with the effects of the control diet, the hippocampal activity of the PLA 2 enzyme group was increased by diets enriched with CLA. These results suggest that milk products enriched with CLA may be helpful in AD therapy.
An in vivo study evaluated the effects of industrial trans FAs and CLA on inflammation and oxidative stress markers in 61 healthy adult subjects. The authors observed a beneficial effect on inflammatory markers and on one oxidative stress marker in volunteers who consumed a mixture of CLA isomers (80% C18:2 cis-9, trans-11 and 20% C18:2 trans-10, cis-12) in their diet [64] .
In a recent study, hypertriacylglycerolmic (HHTg) rats were fed for two months with a diet supplemented with a 2% mixture of CLA isomers (1:1, C18:2 cis-9, trans-11:C18:2 trans-10, cis-12) or with sunflower oil (control group). CLA-treated rats showed a decrease in body and visceral adipose weight and a reduction in triacylglycerol accumulation in the serum liver, heart, muscle and aorta. In addition, compared with the effects in the control rats, CLA treatment resulted in an increase in insulin sensitivity. In this study, the authors concluded that CLA supplementation may protect against HHTg-induced dyslipidaemia, ectopic lipid deposition and insulin resistance [14] .
De Guire, et al. [16] demonstrated an association between the CLA content of erythrocyte membranes (RBC) and body composition and bone mineral density. Fifty-four men (age 19-53 years) were tested in a cross-sectional study to examine the association between the C18:2 cis-9, trans-11 content of RBC membranes and body composition. The study used a dose-response trial and randomized the subjects to 1 of 3 groups: placebo, 1.5 g/day or 3.0 g/day of CLA over a 16-week period. Bone mineral density was significantly higher in the group receiving 3.0 g of CLA compared with that of the group receiving 1.5 g, whereas the placebo group was not different from any other group.
Studies on obese individuals have proposed that a dose of 3.0 to 4.2 g/day of CLA may result in a loss of body fat in humans [54] [55] [56] [57] [58] 61] . However, although the C18:2 trans-10, cis-12 isomer has been associated with anti-adipogenic effects in humans, the results are less significant and more ambiguous compared with those observed in other animals [65] . Nevertheless, scientists researching this topic believe, when the body of evidence is considered as a whole, that C18:2 trans-10, cis-12 does have a beneficial effect on human body composition if it is consumed over time and that it does not appear to result in any adverse effects [57, 66] .
Conclusions
Milk and its individual components in their intact or hydrolyzed forms may be considered to be a complete nutritional food, and its bioactive compounds may be considered to be functional ingredients. With the growing number of consumers aware of the importance of the consumption of functional foods in maintaining health, the importance of dairy products as a relevant source of bioactive compounds is clear. The use of LAB and Bifidobacteria in the production of CLA isomers contributes to the increased functional potential of milk because the incorporation of these strains, among its other benefits, allows for an increase in the CLA isomer content of fermented dairy products. More research is needed to assess if CLA production by LAB can be enhanced and to determine the optimal requirements for these microbial cultures. Fermented milk products can be naturally enriched with CLA isomers, providing synchronization between diet and health and promoting new opportunities for the dairy market. The current state of our knowledge is limited with regard to the effects of CLA isomers in humans. Adverse effects still were not described about CLA consumption, other questions related to the safety and efficacy have to be answered such as for example, oxidative stress, insulin resistance and irritation of intestinal tract. Furthermore, there are considerable variations between the studies concerning the beneficial effects of CLA in animal models, which have not been reflected in human studies. There is need to conduct more human studies with large number of participants with and without comorbitities and higher CLA intake intervals.
